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ABSTRACT

We present AstroSat soft X-ray, near-UV (NUV), and far-UV (FUV) observations of a blazar, OJ 287, carried out in 2017, 2018,
and 2020. The simultaneous observations with NuSTAR in 2017 provide a broad-band look encompassing NUV, FUV, soft, and
hard X-rays. Captured in three different broad-band spectral states in three observations, the X-ray spectrum is found to be the
hardest during 2018, while the high-energy-end of the simultaneous optical-FUV spectrum shows a steepening that is modelled
with a broken power-law spectrum. The spectral energy distribution (SED) in 2017 shows a relatively flatter optical-FUV and
soft X-ray spectra, implying an additional emission component. The 2020 optical-FUV spectrum is harder than in 2017 and
2018, with an extremely soft X-ray spectrum and a hardening above ~1 GeV, similar to the SEDs of High-energy-peaked
BL Lac objects (HBL), thereby establishing that this additional emission component has HBL-like properties. The AstroSat
multiwavelength observations trace the spectral evolution from the end-phase of the HBL component in 2017 to its disappearance
in 2018 followed by its revival in 2020. A single zone leptonic model reproduces the 2018 broad-band spectrum, while the 2017
and 2020 SEDs require an additional HBL-like emitting zone. The spectral evolution of the high-energy-end of optical-UV
spectrum, revealed by the FUV observations in 2017 and 2018, strongly suggests that X-ray spectral changes in the normal
broad-band spectral state of OJ 287 are primarily due to the evolution of the optical-UV synchrotron spectrum.

Key words: radiation mechanisms: non-thermal — galaxies: active — galaxies: jets — gamma-rays: galaxies — X-rays: galaxies—
quasars: individual: OJ 287.

high frequency peak BL Lacs (HBLs; Fossati et al. 1998; Abdo et al.

1 INTRODUCTION 2010). X-ray emission from blazars is either due to Synchrotron

BL Lac type objects are a special class of active galactic nuclei known
as blazars that are powered by accretion on to a supermassive black
hole (SMBH) and have a superluminal relativistic jet directed almost
along the line of sight to us. The radiation from such objects covers
the entire range of electromagnetic spectrum from radio to very high
energy (VHE; E > 100 GeV) y-rays and can be highly polarized.
The entire emission originates almost exclusively within the jet and
exhibits a broad spectral energy distribution (SED) with two distinct
humps ascribed to synchrotron and inverse-Compton processes, and
with their peaks shifting towards lower frequencies with increasing
bolometric luminosity thus giving rise to a spectral sequence that
has been clubbed into three classes known as Low-frequency-peak
BL Lac (LBLs), intermediate-frequency-peak BL Lacs (IBLs), and
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(Sy) process from highly energetic electrons (or protons) or due
to Synchrotron Self-Compton (SSC) process, where low frequency
photons are boosted in energy by the inverse Compton (IC) process
from the same electrons that produced the Sy emission. Radiation
from these objects is highly variable in intensity and spectral shapes
on time-scales of minutes to years, indicative of highly compact yet
powerful sub-parsec size for the emission regions powering these
objects.

0OJ 287 is an archetypal BL Lac object with red-shift, z, of 0.306
(Sitko & Junkkarinen 1985; Nilsson et al. 2010), belonging to the
class of LBLs. Ever since its discovery and identification of its
optical counterpart, OJ 287 has been found to be a very dynamic
source (Wenzel 1971; Sitko & Junkkarinen 1985). These studies
have unearthed some peculiar features, uncommon for blazars, like
a peculiar periodic outbursts at an interval of ~12 yr (Sillanpaa et al.
1996), suggesting the possible presence of a binary SMBH system
in its nucleus. Other prominent features are an apparent periodicity
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of a few years in the position of quasi-stationary radio knots seen at
15 GHz, as well as a ~22 yr periodicity (Britzen et al. 2018), and
a claim of ~30-yr period from another study (Cohen 2017). These
inferences from radio bands are the basis of claim of a precessing
and rotating jet in OJ 287, and models based on precession for the
recurring ~12-yr optical flares (Cohen 2017; Britzen et al. 2018;
Butuzova & Pushkarev 2020).

0OJ 287 has been monitored regularly over the years with the Swift
X-ray Telescope (XRT). It has been very active since 2015 mid-
November, in the optical wavebands (e.g. Valtonen et al. 2016; Gupta
etal. 2017,2019) to X-ray energies (Grupe et al. 2017; Komossa et al.
2017; Kapanadze et al. 2018; Kushwaha et al. 2018a,b; Komossaet al.
2020). These activities have been concurrent with the predicted (and
observed) secondary BH impact-induced flares of 2015 and 2019 in
the optical and infra-red wavelengths (Valtonen et al. 2010, 2016;
Dey et al. 2018; Laine et al. 2020), indicating a connection between
the two (Kushwaha 2020; Komossa et al. 2020). In this scenario, X-
ray activities are also expected by the impacts of the secondary BH
in the accretion disc leading to enhanced accretion and jet activity
of the primary black hole. This binary BH (BBH) model can also
reproduce the observed temporal variations in the position angle of
0J 287’s radio jet (Dey et al. 2021).

Multiwavelength (MW) studies of activities since 2015 outburst
show strong variations in the broad-band spectra of the source
(Komossa et al. 2017; Kapanadze et al. 2018; Kushwaha et al.
2018a,b, 2021; Komossa et al. 2020; Main Pal et al. 2020). Contrary
to a simple power law that describes the spectrum in different energy
bands quite well, drastic spectral changes have been reported at
X-ray energies (e.g. Komossa et al. 2017, 2020; Kushwaha et al.
2018b, 2021; Main Pal et al. 2020; Kushwaha 2020). A soft X-ray
excess! above the power law, usually seen in Seyfert galaxies (Arnaud
1985; Singh et al.1985), has also been reported in OJ 287 a few
months before the expected disc-impact activity of 2015 December
from observations with XMM-Newton (Main Pal et al. 2020). The
spectrum, however, hardened during the 2015 impact outburst (MJD:
57361; Kushwaha et al. 2018a) consistent with a power-law photon
spectral index, I' = 1.5-1.6. Broad-band SEDs of 2015 activity
revealed a new spectral state of the source with significant spectral
evolution in all the bands from NIR-optical to MeV-GeV gamma-ray
(e.g. Guptaetal. 2017; Kapanadze et al. 2018; Kushwaha etal. 2018a;
Kushwaha 2020). It revealed a sharp break in NIR-optical spectrum
deviating strongly from its well-known and established power-law
form consistent with a thermal emission component (Kushwaha et al.
2018a; Rodriguez-Ramirez et al. 2020). The first appearance of this
departure was traced back to 2013 May (MJD 56439; Kushwaha
et al. 2018a; Kushwaha 2020). A concurrent hardening of MeV-
GeV spectrum as well as a shift in the location of the peak of
the high-energy hump was also seen, which is consistent with both
leptonic and hadronic emission scenarios (Kushwaha et al. 2018a;
Rodriguez-Ramirez et al. 2020). Interestingly, with the end of 2015
MW activity, the NIR-optical spectral break disappeared as well
(Kushwaha 2020). A similar NIR-optical spectral break has been
seen during 2020 activity of the source as well (Kushwaha et al.
2021). The spectral and temporal coincidence of the sharp NIR-
optical spectral break seen in 2015 with the elements of the BBH
model added an independent evidence in favour of the BBH model
(Kushwaha 2020). However, the timing of its re-appearance in 2020
activity indicates some missing physics (Kushwaha et al. 2021).

IThis is different from the soft X-ray excess claim of Komossa et al. (2021a),
where they call the extremely soft X-ray spectral state as the soft X-ray excess.

OJ 287 Blazar 2697

The most surprising and unexpected trend was the strongest UV
to X-ray activity that started 7-8 months after the disc-impact flare
of 2015 December (Komossa et al. 2017, 2020, 2021b). Detailed
MW studies showed that this activity was driven by major changes
in the X-ray spectral state of the source (Komossa et al. 2017;
Kushwaha et al. 2018b; Komossa et al. 2020, 2021a) with the SED
of this episode being similar to the high-frequency-peaked (HBL)
like emission component of blazars, having the peak of the low-
energy hump in UV to soft-X-ray region in the SED plot (Kushwaha
et al. 2018b, 2021; Prince et al. 2021a,b). A few months after the
start of this activity, the source was detected for the first time at
VHESs by the VERITAS facility and it remained active at VHE for
about 6 months (Brien & VERITAS Collaboration 2017). OJ 287
underwent another similar high optical to X-ray flux in 2020, with
the X-ray flux (0.3-10 keV) reaching the second highest reported for
this source (Komossa et al. 2020, 2021a). Spectral studies confirm
this to be the re-emergence of the soft X-ray spectral state (Grupe
etal. 2017; Komossa et al. 2017; Komossa et al. 2020; and references
therein) with broad-band SED similar to the blazars HBL component
(Kushwaha et al. 2021; Prince et al. 2021b). The spectral similarity of
the broad-band emission to the blazars HBL component (Kushwaha
etal. 2018b, 2021) as well as the temporal and polarization (Komossa
et al. 2020; and references therein) behaviour points to a jet origin.
However, the activity driven by HBL-like component has shown
some peculiar flux variability trends (Kushwaha et al. 2018b, 2018a,
2021; Komossa et al. 2020) that seem characteristic of OJ 287 and
contrary to the normal behaviour known for this source. Another
characteristic feature linked to this state is the NIR-optical spectral
break that is rather sharp and inconsistent with the broad-band jet
origin emission (Kushwaha et al. 2018a, 2021; Kushwaha 2020;
Rodriguez-Ramirez et al. 2020). Also, for the first time, an iron line
absorption feature was reported for this source during its 2020 high
activity (Komossa et al. 2020).

Here, we report spectral and temporal observations of OJ 287
with the AstroSat (Singh et al. 2014) — a multiwave Indian Space
Observatory. The observations were performed during 2017, 2018,
and 2020. A detailed spectral and temporal study of multiwave
data from these three observations is presented here. We include
concurrent data from a few other facilities. We also present our
analysis of the NuSTAR observation carried out simultaneously with
the AstroSat observations in 2017. The next section gives the details
of data, followed by data reduction procedures in Section 3. In
Section 4 we present the spectral analysis of X-ray data and results
obtained, followed by modelling of multiwave SED in Section 5
and a discussion in Section 6. Our summary and conclusions are in
Section 7.

2 OBSERVATIONS

AstroSat carried out three extended observations of OJ 287 in 2017,
2018, and 2020 with the Soft X-ray Telescope (SXT) covering the
energy band of 0.3—7.1 keV (Singh et al. 2016, 2017), and with the
UltraViolet Imaging Telescope (UVIT) simultaneously covering the
NUYV and FUV bands (Tandon et al. 2017, 2020). In each observation,
0J 287 was observed with the SXT throughout an orbit of the satellite
taking care that the Sun avoidance angle is > 45° and RAM angle
(the angle between the payload axis to the velocity vector direction of
the spacecraft) >12° to ensure the safety of the mirrors and detector.
The UVIT consists of two 35cm Ritchey—Chrétien telescopes with
one telescope dedicated to the far-ultraviolet (FUV; 1250-1830 A).
The second telescope uses a dichroic beam splitter that splits the
beam into the near ultraviolet (NUV; 1900-3040 A) and the visible
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(VIS; 3040-5500 A) channels. Each waveband has a choice of filters
as given in Tandon et al. (2017, 2020). The VIS channel is used
for spacecraft tracking and data from it are not usable for science.
0OJ 287 was monitored in the NUV and FUYV, simultaneous with X-
ray instruments, in all the observations. The 2017 observations were
also simultaneous with the NuSTAR (Harrison et al. 2013), which
detects hard X-rays in the energy range of 3—78 keV. NuSTAR has
two co-aligned hard X-ray telescopes each equipped with detectors
in their focal plane and known as Focal Plane Module A and B
(FPMA, FPMB), respectively. All the observations, their start and
stop times, useful exposure times after screening (see below) and
observed count rates are listed in Table 1 for all the instruments from
which data were used in this paper. The filters used for the FUV
and NUV observations are also given in Table 1. OJ 287 was also
observed simultaneously with the Large Area Xenon Proportional
Counter (Antia et al. 2017) aboard AstroSat; however, no useful data
were obtained from this instrument.

3 DATA REDUCTION

AstroSat-SXT: Data from individual orbits (Level 1) were received
at the SXT POC (Payload Operation Centre) from the ISSDC (Indian
Space Science Data Center). The Level 1 data were processed using
SXTPIPELINE software at the POC, where events were selected with
event grading similar to Swift-XRT, and events with grades > 12 were
removed. All events above a pre-set threshold were time-tagged,
applied with the coordinate transformation from raw (detector) to
sky coordinates, and bias-subtracted. The flagging of bad pixels, the
PHA construction for each event, the conversion from the event PHA
to PI and a screening for hot and flickering pixels were also carried
out in the pipeline. The events were further screened for bright Earth
avoidance angle of > 110°. Data taken during the passage through
the South Atlantic Anomaly (SAA) were also removed based on the
criterion that the Charged Particle Monitor (CPM) rate is below 12
counts s~'. Good Time Intervals (GTI) were generated after all the
screening and calibrations mentioned above were applied and Level 2
data events files were produced. All the GTI’s during each orbit were
selected, time overlaps between consecutive orbit data files removed
and a merged events file of all cleaned events was generated using
a Julia tool made by the SXT team. X-ray light curves and spectra
were extracted from data merged from all the orbits of the AstroSat.
Source counts were extracted from a circular region of 12 arcmin
radius for both the light curves and spectra (Singh et al. 2016, 2017).

NuSTAR: Data from NuSTAR (Harrison et al. 2013) observa-
tions were processed with the NUSTARDAS software package v1.8.0
available within HEASOFT package (6.28). The calibration data base
CALDB (v. 20210701 update) was used for analysis. After running
NUPIPELINE on each observation, nurropUCTS was used to obtain the
light curves and spectra. A circular region of 44 arcsec radius centred
on OJ 287 was used for extracting the source counts. Background
was obtained from a circular region of 100 arcsec radius on the same
detector chip located 200 arcsec away from OJ 287. The count rate
observed from OJ 287 in either of the detectors was 0.08 counts s !.
The spectra were grouped to ensure a minimum of 50 counts per bin
for the spectral analysis.

AstroSat-UVIT: The Level-2 UVIT data consisting of photon
lists and images were obtained from the ISSDC. These data were
processed with the UVIT pipeline version 6.3 and the CALDB version
20190625. We used the curvir®> package (Joseph et al. 2021) to

Zhttps://github.com/prajwel/curvit
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extract the light curves in each filter with a time-bin of 240 s. A
circular region with a radius of 2.5 arcsec (plate scale of 0.416 arcsec
per pixel) was used as the source region, while a nearby circular
region of 5.0 arcsec radius was used for the background. The same
procedure was used for each filter. Finally, the measured count-rate
was converted into flux using the zero-point of the respective UVIT
bands mentioned in the Tandon et al. (2020). The flux values were
then corrected for reddening using E(B-V) = 0.0241 with reddening
coefficients estimated following Cardelli, Clayton & Mathis (1989).

4 ANALYSIS AND RESULTS

4.1 Near and Far UV Variability

Long simultaneous exposures with the AstroSat UVIT and SXT in
2017 and 2018 allow us to explore short-term UV variability during
the X-ray observations. Fig. 1 shows the light curve of the source
extracted with a time-bin of 4-min in different UVIT bands. The
uniformly looking gaps are due to spacecraft duty cycle for each
orbit. Though visually it appears that there is a variability on small
time-scales, to check whether its statistically significant or just due
to random fluctuations, we estimated the excess variance given by
Vaughan et al. (2003).

err
Foar =

PR 2 I
AN NERY
2N X2F,,, N x

for each of the UVIT filter bands where S2,X, and a
are, respectively, the variance, mean, and mean of the squared-
error of the count-rate and N is the number of the data
points. The results indicate that the source is variable at
both NUV (FF3. = 0.038 + 0.006; FF>. = 0.017 & 0.008) and FUV
(FE3 = 0.03 £ 0.01) energies during 2017, but only FUV-F3 (F3 =
0.051 £ 0.009) is variable during 2018 observations while all the
FUV bands (FF! =0.03 £ 0.01; FF2 = 0.04 £+ 0.01; F5> = 0.06 &
0.02; FF7 = 0.05 £ 0.01;) show variability during the 2020 observa-
tion. The variability inferred in the NUV and FUV intensity, based
on the formal variance test is to be taken very conservatively as the
data and the time-scales do not allow us to compare with other stars
in the same field of view due to their faintness. The instrumental
effects therefore cannot be ruled out. The results presented here are
not affected by the presence or absence of this small time-scale

variability.

err(Fu.r) =

4.2 X-ray spectral analysis and results

The X-ray light curves were made in the energy band of 0.3—
7.1 keV. Light curves in the energy band of 7.1-10 keV were
examined for any non-X-ray flares during the observations, and
the GTIs corresponding to such events were considered as spurious
and the data corresponding to those times were removed for any
further analysis. The useful exposure times for the clean events are
listed in Table 1. The X-ray light curves thus obtained showed that
0J 287 was in a steady or non-variable state during each of the three
observations. Therefore, spectra obtained from all the merged events
in each observation were used for spectral analysis. A background
spectral file ‘SkyBkg_comb_EL3p5_-CI_Rd16p0_vOl.pha’, derived
from a composite of several deep blank sky observations, distributed
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Table 1. Log of Observations of OJ 287. UVIT Filters used are: NUV F3 = F245M; NUV F5 = F263M; FUV F1 = F148W; FUV F2 = F154W;,
FUV F3 = F169M; FUV F5 = F172M; and FUV F7 = F148Wa, where the numbers 245, 263, 148, 154, 169, and 172 correspond to the central
wavelength of the corresponding filter in nm. More information on filters is available at: https://uvit.iiap.res.in/Instrument/Filters.

Instrument Observation ID Start time (UT) Stop time (UT) Exposure (s) Count Rate
Y:M:D:H:M:S Y:M:D:H:M:S SXT; FPMA,B; NUV/FUV
0.3-7.0 keV; 3-30 keV; F3/F5
NuStar FPMA 90201054002 2017:04:09:11:09:31 2017:04:10:15:27:31 51580 0.0823 £ 0.0013
NuStar FPMB 90201054002 2017:04:09:11:09:31 2017:04:10:15:27:31 51680 0.0815 £+ 0.0013
AstroSat SXT 9000001152 2017:04:09:22:05:31 2017:04:11:00:24:00 21930 0.152 £+ 0.0031
AstroSat SXT 9000002040 2018:04:15:10:58:33 2018:04:21:06:57:27 110 500 0.066 £ 0.0012
AstroSat SXT 9000003672 2020:05:15:09:22:37 2020:05:20:03:05:58 60410 0.232 + 0.0022
AstroSat NUV F3 9000001152 2017:04:09:22:10:47 2017:04:10:09:30:47 4050 7.45 +0.40
AstroSat NUV F5 9000001152 2017:04:10:09:42:12 2017:04:10:15:52:12 3400 6.38 +0.37
AstroSat FUV F3 9000001152 2017:04:09:22:06:41 2017:04:10:15:54:41 8000 1.87 +0.20
AstroSat FUV F3 9000002040 2018:08:15:06:03:50 2018:08:16:02:03:42 25150 1.05 +0.15
AstroSat FUV F5 9000002040 2018:08:15:06:03:50 2018:08:16:02:03:42 29 400 0.51 £0.11
AstroSat FUV F1 9000003672 2020:05:15:15:52:13 2020:05:15:17:35:31 4924 6.53 +0.24
AstroSat FUV F2 9000003672 2020:05:15:17:37:30 2020:05:16:09:46:42 4198 540+ 0.23
AstroSat FUV F5 9000003672 2020:05:15:06:03:50 2020:05:16:02:03:42 8992 2.16 £ 0.14
AstroSat FUV F7 9000003672 2020:05:16:09:48:41 2020:05:17:13:27:56 5475 6.51 +£0.23

by the instrument team was used for spectral analysis for all the
spectra analysed here. We used the standard ancillary response file
(ARF) ’sxt_pc_excl00_v04_20190608.arf’. The spectral response file
used in this work is sxt_pc_mat_gOto12.rmf. The response files and the
background file are available at the SXT POC website.® The source
spectra were grouped using the GrppHA tool to ensure a minimum
of 50 counts per bin, prior to further analysis here and below. The
observed count rates are given in Table 1.

Spectra were modelled using the spectral analysis package
XSPEC (version 12.9.1; Arnaud 1996) distributed with the HEA-
SOFT package (version 6.20). We have tried two types of models
to fit the observed spectra, viz., constantxTbabsxzpowerlaw and
constant+Tbabsszlogpar, using the x> minimization. Here, Thabs,
is a multiplicative model with the model parameter Ny, i.e. the
equivalent neutral hydrogen column density along the line of sight.
The elemental abundance table was set to ‘aspl’ (Asplund et al. 2009).
The models zpowerlaw and zlogpar are the redshifted power law and
the redshifted logparabola (Massaro et al. 2004) frequently used quite
successfully in the X-ray spectral studies of blazars. The redshift was
fixed at 0.306 in both the models, while the other parameters like the
Ny, the photon index (I") in the case of a power law were allowed to
vary freely while minimizing the x 2. Similarly in the case of zlogpar
model the parameters: « for the slope at the pivot energy of 1 keV
(fixed) and B for the curvature term were allowed to vary freely. We
also fitted these models after fixing the Ny value to the Galactic value
of 2.4 x 10*°cm™2 (HI4PI Collaboration; Bekhti et al. 2016).

X-ray spectra of OJ 287 obtained from simultaneous observations
with the AstroSat SXT and the NuSTAR FPMA and FPMB carried
out in 2017 are shown in Fig. 2. The results of the simultaneous
spectral fitting to the three data sets are given in Table 2. The
inferred intensities based on the models used here are also listed
in Table 2 for three energy bands: 0.3-2.0 keV, 2.0-10.0 keV, and
10-30 keV (above 30 keV, NuSTAR data is noise dominated?).
All the spectral parameters were tied together and varied jointly,
except for the normalization constants for the FPMA and FPMB

3https://www.tifr.res.in/~astrosat_sxt/index.html

“The hardening at high-energy-end of the X-ray spectrum for the 2017
observations presented in Kushwaha et al. (2021) is not real and is due
to the noise.

detectors, which were kept as variables while that for the SXT
was kept frozen to 1.0. The best-fitting parameters with their
90 percent confidence errors based on minimum x> + 2.71 are
listed Table 2. The cross-normalization between detectors is found
to be better than 10 per cent including statistical errors. An excellent
fit (x2 = 1.12) was obtained with the same values for all the spectral
parameters for data from all the three detectors. The best-fitting Ny
value of 1.77]9x 10%° cm~2 is consistent with the Galactic value
2.4 x 10?° cm™2, thereby implying no evidence for extra absorption
towards OJ 287 for the best-fitting power-law model. The same two
models (constantxTbabs+zpowerlaw and constant+Tbabsxzlogpar)
were also fitted with fixed Ny. The Xf values for the best-fitting
show that the two models are equally good fit to the spectra with or
without fixed Ny.

The SXT spectra obtained for 2018 and 2020 observations were
fitted to the same two models as above, individually. All the
parameters: column density, power-law index (or « and f), and the
normalization were allowed to vary independently, and also with
fixed column density as mentioned in Section 4. The results of X-ray
spectral modelling are presented in Table 2. The two models used here
provide an equally good fit to the spectra presented in Fig. 2. The 2017
data, best-fitting model, constantxTbabsxzpowerlaw, folded into the
detector response and the residuals are shown in the top panel of
Fig. 2. Similarly, two X-ray spectra obtained from observations with
the SXT in 2018 and 2020 and the folded models and residuals from
the best-fitting Tbabs+zpowerlaw model are shown together in the
bottom panel of Fig. 2.

A considerable long-term variation over the years from 2017 to
2020 is observed in the X-ray spectra of OJ 287 (Komossa et al.
2017, 2020; Kushwaha et al. 2018b, 2021; Kushwaha 2020). The
X-ray flux decreased from 2017 to 2018 but increased in 2020.
The best-fitting simple power-law models show that I" is changing
significantly across the years. Equally good fits with the fixed Ny
value in both the models show that there is no significant absorption
in the source. The best-fitting photon indices for a simple power-law
show that the X-ray spectrum of OJ 287 steepens significantly with
the intensity of the source in these three observations as is clear from
the X-ray SEDs shown in Fig. 3.

The source is suspected to be variable in the NUV and FUV bands
of UVIT during 2017, while it is variable only in FUV-F3 during
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Figure 1. NUV and FUV light curves of OJ 287 constructed from the 2017,
2018, and 2020 observations performed with the AstroSat-UVIT.

MNRAS 509, 2696-2706 (2022)

0J 287 2017 April 9-11

: — ——r :
- 01 s NuStar FPMA 3
> N NuStar FPMB ]
= AstroSat SXT
» 001
2
c
=3
8 -5
° 10-°
Q
N
g
8 10-4 | -
f=
8
3
3
°
o
€
I
S
[5)
=
- 0.1 ¢ OJ 287 AstroSat SXT
>
£ 2020
o 001 2018
c
=3
o
o
° 102 E
o
N
]
£
5  10¢L !
< E
4f |
§ L
::’\ 2r \ i |‘ i | “ } ‘ k + ]
I ol kil i.||||‘||! i g!flj‘. Ll | L [} | i I
3 AT AR | ikl
& f | ‘ ' J&H 1
: +
S -4 - 1 ]
0.5 1 2 5
Energy (keV)

Figure 2. Top: X-ray spectra of OJ 287 obtained from simultaneous
observations with the AstroSat SXT and the NuSTAR FPMA and FPMB
in 2017. Bottom: X-ray spectra of OJ 287 obtained from observations with
the AstroSat SXT in 2018 and 2020. In both the plots, the histograms show
the best-fitting models of a Galactic absorber and a red-shifted power law.
The lower panels in both Top and Bottom figures show the residuals from the
best-fitting models.

2018 (see Fig. 1, Section 4.1). In 2020 data, all the FUV bands
show variability. Therefore, to study the possible implications of the
variability on emission processes, we investigated and modelled the
multiband spectral energy distribution for observations as detailed in
the next section.

4.3 Fermi-LAT spectral analysis and results

‘We have used contemporaneous Fermi-LAT (Large Area Telescope;
Atwood et al. 2009) PASS 8 (P8R3) instrument response function
processed data to extract the MeV-GeV spectrum following the
standard reduction procedure. Integrating the LAT data over the
duration of AstroSat monitoring, the source is too weak to reach a
detection. We therefore integrated the LAT data over 2-3 months to
obtain the average y-ray spectrum of the source around the Astrosat
observations. Any shorter term variations in amplitude and spectrum
are lost in the process.
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Table 2. Best-fitting spectral parameters for the two models M1: Cxtbabs(zpowerlaw) and M2: Csxtbabs(zlogpar), where two C values are the relative
normalization values required for FPMA and FPMB, respectively, with respect to the SXT, used for fitting the X-ray spectra of OJ 287. The errors quoted here

are with 90 per cent confidence based on minimum x2 4 2.71.

Date Detector Model C Ny I' (PL) a (logpar) B (logpar) Xf/dof Fx Fx, Fx3
10%cm=2 0.3-2.0 keV 2-10 keV 1030 keV
ergscm 257! ergscm ™2 57! ergscm 257!
2017  SXT+FPMA +B Ml 0.97+007. 1.02100 1759 2,06 £0.04 - - 1.1244/221 59 x 10712 5.0 x 1071 3.1 x 1072
SXT+FPMA +B Ml 0.97+0¢7. 1.015008 2.4(fixed) 2.07 £ 0.03 - - 1.1209/222 5.8 x 10712 5.0 x 10712 3.0 x 10712
SXT+FPMA +B M2 1035013, 1.08501F 4540 22402 —0.08+0.10 1.1216/220 5.8 x 107" 4.8 x 10712 3.1 % 10712
SXT+FPMA +B M2 1.00*005. 1.047008 2.4(fixed) 2.12+£0.08 —0.034+0.05 1.1201/221 5.8 x 10712 4.8 x 1072 3.1 % 107"
2018 SXT M1 - 49730 1.88+0.11 0.893/195 22 % 107" 2.9 x 10712 -
SXT Ml - 2.4(fixed)  1.80 £ 0.06 0.897/196 2.3 x 107" 3.1 % 10712 -
SXT M2 9.713%0 - 22709 031703 0.894/194 22 % 1071 32 % 10712 -
SXT M2 - 2.4(fixed) - L7450 01153 0.897/195 23 x 107" 2.9 x 10712 -
2020 SXT Mi - 9.037  2.81£0.10 0.97/147 9.0 x 10712 3.0 x 10712 -
SXT Ml - 2A(fixed)  2.52 £ 0.04 1.16/148 9.8 x 10712 3.9 x 10712 -
SXT M2 - 124470 3.04104  —027+£043  0.972/146 8.8 x 10712 33 x 10712 -
SXT M2 - 2.4(fixed) 241006 047+£0.17  1.012/147 9.4 x 107" 2.8 x 107" -
1 keV 10 best-fitting model, we then extracted the SED in six energy-bins
107 ‘ ‘ (GeV): 0.1-0.3, 0.3-1.0, 1-3, 3-10, 10-100, 100-300, and 300-800.
2017 (SXT + NuSTAR) ¢ The overall source gamma-ray spectrum was modelled with a log-
e °° R ;853 ggg : parabola model, while the SED was extracted using a power-law
— o approximation of the best-fitting spectrum in each energy bin. The
g . . best-fitting spectral parameters of log-parabola model for2017,2018,
g ° ® o '. e * e 4 and 2020 LAT spectrum are o = 2.08 = 0.25, 2.42 £ 0.15, 1.72 &+
o0 ¢ 0.23, and g =0.07£0.11, —0.04 +=0.06, 0.05 £ 0.06, respec-
% N . tively. The resultant MeV-GeV spectra covering the SXT pointings
= o o ° are shown in Fig. 5.
° . o +
1021 @ ¢ i 5 BROAD-BAND SED AND MODELLING
16,7 * — i(;‘“ Deep exposures with the SXT and the availability of simultaneous

v [Hz]

Figure 3. X-ray SEDs of OJ 287 from the three observations. All the SEDs
correspond to the respective best-fitting power-law model with Ny value fixed
to the Galactic value.

The analysis was carried out following the standard recommended
procedure for the ‘Binned Analysis for point sources®” using FER-
MITOOLS (v2.0.8) with FERMIPY (v1.0.1). We selected only the
events tagged as ‘SOURCE’ class (evclass = 128, evtype = 3)
with energies > 80 MeV from a region of interest (ROI) of
15° centred on the source and a zenith angle cutoff of 90°. We
then generated good time intervals using the recommended expres-
sion ‘(DATA_QUAL>0)&&(LAT_-CONFIG= = 1)’. The spectral
model for the ROI was generated from the Fourth Fermi-LAT
source catalogue (4FGL; Abdollahi et al. 2020). The Galactic and
isotropic diffuse contribution were accounted through the template
file ‘gll_iem_v07.fits’ and ‘iso_P8R3_SOURCE_V3_v1.txt’ provided
by the LAT team.

We performed a ‘binned likelihood analysis’ with energy dis-
persion taken into the account. During the likelihood fitting, the
minimum fit energy range was fixed to > 100 MeV. The 80 MeV cut
mentioned-above was to account for the energy dispersion. Sources
with Test Statistics (TS) < 0 were removed while the spectral shape
was fixed to the 4FGL values for source with TS < 16. Using the

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binnededisp_tutorial.
html

FUV data from the AstroSat, provide a direct view of yet unob-
served high-energy-end of the optical-UV spectrum that has strong
implications on the effect of synchrotron component in driving X-
ray spectral changes (Isobe et al. 2001; Kushwaha, Sahayanathan &
Singh 2013; Kushwaha et al. 2018b). Additionally, the availability of
NuSTAR data during 2017 allows us to constrain the IC component
(Kushwaha et al. 2013, 2018a, b). Thus, these simultaneous multi-
wave observations help us to separate the Synchrotron and the IC
emission components.

Fig. 4 shows the broad-band UV to X-ray SEDs of the source for
the three observations along with the contemporaneous data at NIR
and optical bands from the public archive of SMARTS (Bonning
et al. 2012) and Stewards (Smith et al. 2009) observatories as well
as published literature (Hosokawa et al. 2020). These SEDs clearly
show strong spectral evolution at both NIR-optical or FUV and the
X-ray energies. We have plotted three UV SEDs corresponding to
a given SXT observation showing the maximum, minimum, and
the average SED corresponding to each observation to account for
the likely presence of variability of a few percent pointed out in
the previous section. The daily monitoring with Swift-XRT data
(Komossa et al. 2020) during the SXT observations do not show
any appreciable changes in either the spectral state or flux (see also
Komossa et al. 2021a). Therefore, we derived a single integrated
SXT spectrum from each year’s AstroSat observation, and used them
for the construction of the SEDs.

The SED constructed from the 2018 observation, shown in the
middle panel of Fig. 4 corresponds to the lowest X-ray flux state
of the source and the corresponding averaged or mean optical-FUV
spectrum shows a truncation or a sharp decline that can be modelled
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Figure 4. Optical to X-ray SEDs of OJ 287 from the three AstroSat
observations along with contemporaneous NIR-optical data from public
archives (see Section 5). For the UVIT bands showing variability, we have
plotted the highest, lowest, and the mean fluxes in blue, red, and black,
respectively (see Section 4.1).

with a broken power law with power-law indices of 1.2 at optical-
UV and 4.3 for a two-point slope at FUV energies (F, o v~%),
respectively. The corresponding X-ray spectrum is the hardest of the
three epochs, while the MeV-GeV spectrum (ref. Fig. 5) is similar
to the typical spectrum associated with the LBL state of the OJ 287
(Abdo et al. 2010; Kushwaha et al. 2013). For the 2017 observation,
the optical-FUV spectrum is relatively flatter and so are the X-ray
and MeV-GeV spectra. The 2020 observation, on the other hand, has
a harder optical-FUV spectrum but an extremely soft X-ray spectrum
— typical of HBL blazars when the synchrotron peak is around UV
energies (Balokovi¢ et al. 2016), while the corresponding MeV-GeV
spectrum shows a hardening above ~ 1 GeV (Kushwaha et al. 2020).
The spectral hardening at the high-energy end of the optical-UV
and MeV-GeV spectra of the 2020 SED indicates that the emission
is likely due the combination of the typical LBL spectral state of
0OJ 287 with the re-emergence of an HBL component (Kushwaha
et al. 2021).

A closer look at the 2017 optical-UV spectrum reveals a compar-
atively flatter optical-UV and X-ray spectrum. Since the UVIT data
do not show any sign of spectral cutoff as seen in 2018, it is possible
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Figure 5. Modelled broad-band SEDs constructed from the simultaneous
or contemporaneous MW observations. The dashed and dotted—dashed
curves show the broad-band emission spectrum of the zone-1 and zone-2,
respectively, while the black curve is the sum total. For the 2018 broad-band
SED, a one zone model is sufficient to reproduce the overall MW emission
(ref. Section 5).

that the flatness of the X-ray spectrum is due to the extension of the
optical-UV spectrum to the X-ray energies (e.g. Isobe et al. 2001;
Main Pal et al. 2020). However, considering that the 2017 observation
corresponds to the end-phase of the HBL component observed during
a high X-ray activity period (Kushwaha et al. 2018b), the flatness
could also be due to the weakening of the HBL component. In all,
the three observations presented here suggest a spectral evolution
of the source from the end-phase of activity driven by an additional
HBL-like component in 2017 to its complete disappearance in 2018
and its revival in 2020. We have therefore modelled the 2018
observation with a one-zone leptonic model assuming a broken
power-law particle distribution (e.g. Kushwaha et al. 2013), where
the optical-UV emission is due to synchrotron process, while the X-
ray emission comes from SSC process, and the MeV-GeV y-rays are
due to external Comptonization (EC; Kushwaha et al. 2013; Arsioli &
Chang 2018) of a ~250 K thermal photon field. The 2017 and 2020
SEDs, which require an additional HBL like emission component,
are modelled with a two-zone model with the additional zone also
having a broken power-law particle distribution (e.g. Kushwaha et al.
2018b).
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In the 2-zone model, however, the number of plausible parameter
sets and their values are many and the observed spectrum can be
reproduced by varying the contribution from the two zones such
that the sum remains at the observed level. An exhaustive study is
beyond the scope of the present work and will be presented elsewhere.
Here, we have tried a conservative approach keeping most of the
parameters similar for both the zones. For a given field of external
seed photons, the HBL zone with its synchrotron peak at UV energies
will automatically result in a second hump at higher energies. Thus,
the hardening of MeV-GeV spectrum can be reproduced by either
of the two mechanisms: SSC or EC. However, following the current
status that most of the HBL or HSP blazars can be explained by
the SSC, we have adopted the same approach here by estimating
parameters in such a way that the contribution of EC-IR from the
2nd-zone is negligible. The SSC interpretation is consistent with the
appearance of an additional SED peak around UV energies as well
as the steepness of the X-ray spectrum that is typically seen in HBLs
(Yuan & Fan 2014; Balokovi¢ et al. 2016) when the synchrotron peak
is at UV energies (Kushwaha et al. 2018b).

A possible set of parameters for the three SEDs are given in Table 3
and the corresponding model SEDs are shown in Fig. 5. We find that
to reproduce the flatter X-ray spectrum of 2017, a weaker HBL com-
ponent as well as the contribution of the optical-FUV synchrotron
emission are required with the latter contributing dominantly. Fig. 5
also shows that the MeV-GeV spectrum obtained in 2020 cannot
be reproduced well. We would like to point out, however, that the
optical, UV, and X-ray observations are for time-scales of a few hours
to days, while the LAT MeV-GeV spectra are from 2—3 months data
as the source is too weak to be observed at shorter time-scales. Thus,
LAT spectra represent an average state of the source instead of its
spontaneous state seen in the optical to X-rays.

In the case of a single emission zone, Lorentz factor corresponding
to the break in the particle spectrum, y,, constrains the location of
the SED peak, and the observed spectra before and after the SED
peak trace the particle indices: (p) before, and (q) after the peak (e.g.
see Kushwaha et al. 2013). The optical-UV spectrum is therefore
directly related to the particle spectral index, q. The same holds
for the SSC component if the observed spectrum is away from the
SED peak. Thus, for the 2018 observation one can estimate the
particle indices p and q, from the optical-UV and X-ray spectrum,
respectively. However, for the 2020 SED, the second zone appears
dominant and thus, the X-ray spectrum constrains only the particle
index after the SED peak viz., q. For the other index, we simply
used the spectral index from the modelling of the 2016-2017 activity
(Kushwaha et al. 2018b) that was also due to an HBL-like component.
For the size of emission region, the jet angle to the line of sight, and
the external photon field, we adopted a value used or derived from
modelling the SEDs associated with the 2009 activity of the source
(Kushwaha et al. 2013).

Considering all the above mentioned scenarios, we estimated
the particle Lorentz factor corresponding to the SED peak (y;) by
demanding that the low-energy-hump peak at NIR-optical energies
(UV-soft X-ray for the second zone). However, since there is a
degeneracy between the magnetic field and the Doppler factor (§)
(Kushwaha et al. 2013), we started with a magnetic field value of
unity and an appropriate §. With this assumption, the only unknown
parameter left in the EC was the particle spectrum normalization,
which was derived by demanding that the model reproduce the
MeV-GeV emission. A re-calibrated value for the magnetic field
was then estimated by demanding that it reproduces the observed
synchrotron component. With all the parameters thus derived, the
SSC flux output from the model can be compared with the observed
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X-ray flux. We used the method of trial and error for different §
values until we got the parameter set that reproduced the X-ray
flux. We, thus, estimated the parameter values for the 2018 SED for
which the optical and the X-ray data provided the particle spectral
indices p and q, respectively. For the 2020 SED, the second zone
is dominant and the X-ray spectrum constrains only the particle
spectral index (q) after the break. Therefore, for the other index (p),
we simply adopted a value used for modelling of the 2016-2017
HBL SEDs. The same values of the two indices were used for the
first zone of emission as well. We then demanded that the modelled
spectrum should reflect the spectral change observed in the MeV—
GeV spectrum. For the 2017 SED, the optical-UV spectrum again
constrains only the particle index (q) after the SED peak of the
first zone. Thus, for the index before the break (p), we adopted
the value used for the intermediate state of the SED seen in 2009
(Kushwaha et al. 2013). For the second zone, we used the particle
index before the SED peak from the model parameter of the 2020
SED, and adopted the values of q from the first zone (optical-FUV
spectrum). Note that y,,,, is unconstrained for 2017 and 2020 SEDs,
while the spectral cutoff of 2018 constrain it to a value that is also
supported by the MeV-GeV spectrum. In the case of the 2017 SED,
the reproduction of X-ray spectrum requires an extension of the
synchrotron model to X-ray bands thus providing only a lower bound
to Ymax. Furthermore, the excess apparent in the lowest optical data
of the 2020 SED over a power-law form could be the accretion-disc
component that was seen during the 2020 flare (Kushwaha et al.
2021).

6 DISCUSSION

0J 287 has undergone spectrally distinct MW activity phases since
2015 mid-November (e.g. Gupta et al. 2017). The first phase of
the activity from end-2015 to mid-2016 showed a break in optical-
NIR spectrum and a hardening in MeV-GeV (Kushwaha et al.
2018a). This was followed almost immediately by a phase that was
driven by the presence of additional HBL component (mid-2016
to mid-2017; Kushwaha et al. 2018b) The source then gradually
returned to its typical LBL spectral state in 2018, but only for
a relatively short duration (~50 d; Kushwaha et al. 2021). The
HBL component appears to have re-emerged subsequently, gradually
becoming stronger, leading to its peak in 2020 April (Komossa et al.
2020). Our analysis of three AstroSat observations presented here
shows that the 2017 observation corresponds to the end-phase of
the 2016-2017 HBL dominated activity, the 2018 observation to the
disappearance of HBL dominated phase, while the 2020 observation
caught the source just after its peak activity of the re-emerged HBL
phase. Thus, our observations represent different moments of the
evolutionary cycle of the HBL like emission component.

The strong and rapid MW variability (Kapanadze et al. 2018;
Komossa et al. 2020, 2021a), strong polarization (Gupta et al. 2017,
2019; Komossa et al. 2020, 2021b), and similarity of the broad-
band spectrum to HBL (Kushwaha et al. 2021, 2018b) strongly
suggest that the extremely soft X-ray state of OJ 287 originated
in a relativistic jet. The broad-band SED of 2020 presented here
is simply a consequence of this additional strong HBL component
appearing on top of the typical SED (LBL) of the source, as is
clear from the lowest MeV-GeV data point as well as the hardening
of the optical-UV spectrum. Overall, the broad-band SED is well
reproduced by a two-zone emission scenario (ref. Fig. 5). In this, the
optical-UV to X-ray emission is due to synchrotron process and the
MeV-GeV emission is due to EC and SSC processes (ref. Section 5)
with an HBL component being responsible for the hardening seen

MNRAS 509, 26962706 (2022)

220z Aieniga4 €7 UO J1asn $80Usl0g [BUOIIBAISSIQ 10 81NjIIsu| yoJeasay eneyqelly Aq | 1251 +9/9692/2/60S/31011e/Seluw/wod dno oiwapeoe//:sdiy Wwolj papeojumoc]



2704 K. P. Singh et al.

Table 3. Parameters and their values used for modelling the SEDs.

Parameters 2017 2018 2020

Particle index before break (p) 2.6 (2.0) 2.5 2.0 (2.0)
Particle index after break (q) 3.8 (3.8) 34 5.0 (5.0)
Magnetic field (Gauss) 1.1 (0.34) 0.7 1.5@2.1)
Particle break energy (y;) 2280 (18536) 2505 1364 (11817)
Relativistic particle energy density (er gcm ™) 9.0x 1073 (1.1 x1072) 3.1 x 1072 3.1x1073(9.3 x 107%)
Doppler factor 17.0 (6) 16.5 18.6 (13.7)

Jet power (logscale, erg/s) 46.1 (47.0) 46.0 45.4 (46.5)
Minimum electron Lorentz factor* 60 (60) 20 45 (45)

Maximum electron Lorentz factor*

1 x 108 (1 x 10%)

1 x10* 1 x 108 (1 x 10%)

Notes. Size of the emission region: 3 x 106 cm
Jet angle to the line of sight: 3°
*in units of electron rest mass energy

Values in parentheses correspond to the second zone (see Section 5)

in the optical-FUV and the y-ray spectra. The excess with respect
to the model spectrum seen at the optical wavelengths could be
due to emission from an accretion-disc, as was discovered during
2015-2016 activity (Kushwaha et al. 2018a) and also seen during
the 2020 activity (Kushwaha et al. 2021). The disagreement seen in
the MeV-GeV emission is perhaps due to the y-ray spectrum having
been extracted from a much larger duration. The 2018 SED showing
a cutoff or strong-steepening in the optical-FUV spectrum and the
hardest of all X-ray spectrum is consistent with a one-zone emission
scenario.

The SED observed in 2017 is intermediate to that seen between
2020 and 2018 with an almost flat X-ray and MeV-GeV spectra
(ref. Figs 4 and 5). Of the two possibilities mentioned earlier (ref.
Section 5) — the continuation of synchrotron to X-ray energies or
the HBL component for the flat X-ray spectrum, we found that the
flattening is more likely due to the synchrotron component of the first
zone, with minimal contribution by the HBL-like component (second
zone). The second zone instead contributes significantly to the MeV—
GeV spectrum via its SSC emission. Together with inferences from
the 2020 SED, this suggests that X-ray spectral flatness in the LBL
state is primarily due to the evolution of high-energy end of the
synchrotron spectrum.

A spectral steepening or cutoff in the optical-UV spectrum during
a low-flux state, similar to the one seen in the 2018 optical-UV
spectrum can also be inferred for the low or weaker phase of the
HBL driven MW activity during 2016-2017. The spectral evolution
of this phase shows a flatter optical-UV and X-ray spectra. The
X-ray emission is, however, almost an order of magnitude below
the optical-UV level (fig. 4, bottom panel plots Kushwaha et al.
2018b), implying a strong spectral steepening or cutoff in the optical-
UV spectrum. Further, the steepening or cutoff seems to happen
around similar energies — around FUV bands as is the case with
2018 spectrum. Since the observed spectrum is a direct reflection
of underlying particle distribution in the case where most of the
emission is from one emission region, these findings reveal that the
high-energy-end of the particle spectrum is highly dynamic and the
spectral steepening or cutoff strongly constrains the highest particle
energies. This is corroborated by the modelling of the 2017 and 2018
SEDs. For an assumed form of the particle distribution, the 2018 SED
requires a much lower y ., while the 2017 optical-UV spectrum,
provides only a lower bound in order to reproduce the observed
X-ray spectrum (see Table 3). This is consistent with our previous
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statement that almost all the observed X-ray spectral changes seen in
the normal (LBL) spectral states are driven primarily by the evolution
of the high-energy-end of the synchrotron component. Additionally,
the detection of the source in a few of the lower energy bands of LAT
during 2018 and the spectral cut-off revealed by the NUV-FUV data
nicely demonstrates the one zone scenario that is usually invoked for
modelling the broad-band SED.

A comprehensive investigation of X-ray and MW variations of
OJ 287 that encompasses the same observation times as that of our
AstroSat observations has been presented recently in Komossa et al.
(2021a), Prince et al. (2021a,b). In particular, Komossa et al. (2021a)
have employed a two-component scenario to explain the diversity
of spectral changes seen in OJ 287. In the broad-band context,
the two-component scenario is similar to the two-zone emission
invoked for modelling the broad-band SEDs of the 2016-2017
activity (Kushwaha et al. 2018b). The broad-band SED modelling
presented in Prince et al. (2021b) focused mainly on the variations
seen in soft X-ray flux and the associated MeV-GeV spectrum using
the generally invoked synchrotron and SSC emission mechanisms.
Our work here has additionally considered the normal LBL emission
as revealed by the lowest energy y-ray data and the optical-UV
spectrum.

OJ 287 has been argued to host a sub-parsec binary SMBH on
the basis of quasi-periodic optical outbursts (QPOOs) every ~12 yr
(Sillanpaa et al. 1988; Dey et al. 2018, and references therein but see
Britzen et al. 2018; Butuzova & Pushkarev 2020). The latest of these
outbursts occurred in 2015-end (Valtonen et al. 2016) and mid-2019
(Laine et al. 2020). The coincident appearance of spectral changes
around these QPOOs —in 2015-2016 (Kushwaha et al. 2018a; Main
Pal et al. 2020), 20162017 (Grupe et al. 2017; Komossa et al. 2017;
Kushwaha et al. 2018b; Komossa et al. 2020, 2021a), and in 2020
(Komossa et al. 2020, 2021a, b; Kushwaha et al. 2021) as well as
in the earlier X-ray observations (Isobe et al. 2001 and references
therein) suggest a connection between the two. The implications of
these spectral changes vis-a-vis the two classes of proposed models
where one model attributes QPOOs to disc-impact in BBH scenario
(Dey et al. 2018) while the other to jet precession in either single or
binary SMBH configuration (e.g. Britzen et al. 2018; Butuzova &
Pushkarev 2020, and references therein) are discussed in Kushwaha
(2020), Komossa et al. (2020), and Komossa et al. (2021b). In the
jet precession scenario, only achromatic flux boosting is expected
without any spectral changes and thus, the sharpness of the NIR-
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optical spectral break is inconsistent with broad-band jet emission.
This combined with the need for an additional HBL-like emission
component currently favour the disc-impact BBH model (Dey et al.
2018). The disc-impact BBH model also argues for a follow-up
impact-induced jet activity but does not say anything about the
spectral shape. Recently, Komossa et al. (2020, 2021b) attributed
the soft X-ray spectrum dominated activity as the impact-induced jet
activity. If true, then this implies that the impact-induced jet activity
has a completely different broad-band spectral shape (HBL-like)
compared to the well-regarded spectral state (LBL) of the source.
Alternatively, Huang et al. (2021), argue that the soft X-ray state
could be due to a tidal event. In either scenario, the onset of the NIR-
optical spectral break and the peculiarity of timing features reported
during the soft X-ray states indicate some missing physics.

The extended period (~ 4 yr) of activity representing very different
SED phases is rarely seen among blazars. Even in a few cases where
such changes have been reported, the duration is rather short (weeks
to months) and limited to an on-going MW activity (e.g. Pian et al.
1998; Hayashida et al. 2015; MAGIC Collaboration 2020). The
duration and strength of these changes in the SEDs imply drastic
alterations of the physical conditions within the system. Overall,
the findings reported here, and their implications involve all the
issues ranging from accretion, jet-disc connection to relativistic
particle energization, thus making OJ 287 an ideal laboratory for
exploring a complete spectrum of problems associated with accretion
on to SMBH and relativistic jets. A continued higher cadence MW
monitoring covering the next outburst predicted to be in 2022 (Dey
et al. 2018) along with inputs from the EHT is expected to provide
tighter constraints to all these issues and significantly enhance our
current understanding.

7 SUMMARY AND CONCLUSIONS

The three observations of OJ 287 from 2017 to 2020 with AstroSat
presented here captured OJ 287 in different intensity and broad-
band spectral states. The X-ray spectrum in the 0.3-7.0 keV energy
band is found to be the hardest in 2018, while the simultaneous
optical-FUV spectrum suggests a steep spectrum. The 2020 X-
ray spectrum is the softest but the optical-FUV spectrum is the
hardest. The X-ray and optical-FUV spectrum during 2017 is in-
between these two states with a relatively flatter X-ray spectrum,
consistent with that observed contemporaneously with the NuSTAR.
The contemporaneous MeV-GeV emission from LAT shows that the
three SEDs trace the evolution of the source from the end-phase of
an activity driven by an additional HBL-like emission component in
2017 to its disappearance in 2018, followed by its revival in 2020.
The broad-band SED associated with the 2018 AstroSat ob-
servation is similar to the normal LBL state of OJ 287 and a
single zone leptonic scenario with synchrotron, and SSC or EC-
IR processes can reproduce the broad-band SED. The SED from the
2020 observations, shows a hardening at the high-energy end of the
optical-FUV and MeV-GeV spectra with respect to the LBL state of
0OJ 287. Such a hardening is inconsistent with the normal one-zone
scenario. Instead, the optical-FUV emission together with the X-ray
spectrum indicates an additional HBL-like emission component and
the 2020 SED is well-reproduced in a two-zone emission scenario
with the additional zone emitting an HBL spectrum. The SED
observed in 2017 is intermediate to that reported for 2018 and 2020,
and corresponds to the weakening or end of the phase driven by an
HBL-like component that occurred in 2016-2017 (thus resembling
the activity seen in 2020). The spectral profile of the optical-FUV
spectrum and the flat MeV-GeV spectrum are not reproduced in
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single-zone emission scenario and need an additional HBL-like
emission component. A two-zone model, similar to that used for
the 2020 observation, but with a much weaker HBL component
well reproduces the broad-band SED. The modelling shows that
the nearly flat X-ray spectrum is primarily due to the continuation
of the synchrotron spectrum to X-ray energies from the first zone
(LBL), while the flat MeV-GeV spectrum is primarily due to SSC
component from the second zone (HBL).

The availability of the FUV data from AstroSat provides a direct
view of the evolution of the high-energy-end of the optical-UV
spectrum and leads to strong constraints on the contribution of a
synchrotron component (primarily y ) in driving the observed X-
ray spectral changes. The modelling of the 2017 and 2018 optical
SED, and constraints on the spectral shape of the new component
from the 2020 SED suggest that in the normal LBL spectral state
of OJ 287, the X-ray spectral changes are primarily driven by
synchrotron emission in the optical-UV extending to X-rays energies.
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